Abnormal left ventricular structure and function as in, for example, left ventricular hypertrophy or chronic heart failure, is associated with sudden cardiac death and, when the ejection fraction is depressed, with prolongation of the QT interval. The dependence on heart rate of QT interval prolongation in these conditions, and the relationship of any abnormalities either to deranged autonomic nervous system function or to an adverse prognosis, has not been well studied. We therefore investigated (1) the dependence on heart rate of the QT interval, and (2) the relationship between both QT interval and the QT/heart rate slope and markers of adverse prognosis in these two conditions. The QT interval was measured at rest and during exercise in 34 subjects with heart failure, 16 subjects with left ventricular hypertrophy and 16 age-matched controls with normal left ventricular structure and function. QTc (corrected QT) intervals at rest were significantly longer in heart failure patients (471p10 ms) than in controls (421p6 ms) or in subjects with hypertrophy (420p6 ms) (P 0.05). At peak exercise, despite the attainment of similar heart rates, the QT intervals no longer differed from each other, being 281p7 ms for controls, 296p11 ms in hypertrophy and 303p10 ms in heart failure (no significant difference). The QT/heart rate slope was significantly increased in heart failure [2.3p0.1 ms:(beats/min) − 1 ] compared with controls [1.55p0.06 ms:(beats/min) − 1 ] and hypertrophy [1.66p0.1 ms:(beats/min) − 1 ] (P 0.001). In left ventricular hypertrophy, despite animal data suggesting that QT interval prolongation should occur, no abnormalities were found in QT intervals at rest or during exercise. The QT/heart rate slope did not relate to any markers for an adverse prognosis, except that of prolongation of QT interval. Long QT intervals were associated principally with impairment of left ventricular systolic function. Our data emphasize the dynamic nature of the QT interval abnormalities found in heart failure.
INTRODUCTION
Prolongation of the resting QT interval is found in a number of cardiac conditions, including heart failure, where it may be associated with ventricular arrhythmogenesis, and in experimental models of left ventricular hypertrophy [1, 2] . The behaviour of the QT interval during exercise in these conditions merits further study, for several reasons. Firstly, the dependence on heart rate of the QT interval relates in part to the state of the autonomic nervous system, and heart failure is associated with profound changes in autonomic function. One would predict, therefore, that heart failure should be associated with changes in the heart rate dependence of the QT interval. In particular, as the autonomic derangements found in heart failure, such as low vagal tone (in normal subjects during the day) or chronic autonomic neuropathy (as found in diabetic subjects with autonomic neuropathy), both increase the heart rate dependence of the QT interval, one would predict that the heart rate dependence of the QT interval is increased in heart failure [3] [4] [5] [6] [7] [8] . These autonomic changes (particularly low cardiac vagal tone) are, in most heart diseases, related to an adverse prognosis, which suggests that a steep QT\heart rate relationship itself may relate to an adverse outcome. Whether this is the case is not known at present.
The second reason for expecting differences in the QT\heart rate slope in hypertrophy or heart failure comes from data from experimental animal models, where it has been shown that isolated (thus independent of any neurohormones) hypertrophied cells, some from animals with heart failure, have an increased rate dependence of the duration of the action potential (APD) [9, 10] . Thus if human left ventricular hypertrophy behaves like animal hypertrophy, one would predict an increase in the QT\heart rate slope. As the heart rate dependence of the QT interval in left ventricular hypertrophy and heart failure has not been well investigated, we studied this further.
METHODS
The study was approved by the local ethics committee, and all subjects recruited gave informed consent, consistent with the Declaration of Helsinki. Subjects in whom disordered repolarization was expected to occur were studied. Thus subjects with heart failure or left ventricular hypertrophy were recruited. QT intervals were measured at rest and during exercise. We determined whether the steepness of the QT\heart rate slope was related to any (indirect) markers of prognosis (NYHA class, fractional shortening, catecholamine levels, baroreflex sensitivity and ventricular ectopic count\24 h) [11] [12] [13] [14] .
Subjects underwent standard two-dimensional and M-mode echocardiography (SONOS 1500 ; HewlettPackard Co., Medical Products Group Headquarters, Andover, MA, U.S.A.). Left ventricular systolic function was measured as fractional shortening (l systolic shortening\end-diastolic internal dimension), and left ventricular mass was calculated using standard formulae [15] . Left ventricular hypertrophy was defined echocardiographically as increased left ventricular mass with normal systolic function. Subjects were recruited on the basis that their posterior wall thickness was 12 mm. Heart failure was defined as typical symptoms in the presence of left ventricular systolic dysfunction. Systolic dysfunction was defined echocardiographically as a fractional shortening of less than 0.28, which corresponded to an ejection fraction of less than 40 % [16] . The age-matched control population had normal left ventricular mass and systolic function on cardiac ultrasound examination.
No subjects were on any medication known to affect the QT interval. In particular, no subjects were (or had been) taking any anti-arrhythmic drugs, including any class I or III agent, such as amiodarone, or were taking digoxin. The study took place in the era before β-blockers were routinely used in heart failure, and thus no patients were taking β-blockers. Control subjects were not taking any drugs at all, and subjects with left ventricular hypertrophy were taking only angiotensinconverting enzyme (ACE) inhibitors or (thiazide) diuretics ; likewise, patients in heart failure were only taking angiotensin-converting enzyme inhibitors and loop diuretics. Subjects with conducting tissue disease (including left or right bundle branch block) were excluded from the study. The QRS duration was within normal limits in all subjects (less than 120 ms). All subjects with ischaemic heart disease were fully revascularized by percutaneous transluminal coronary angioplasty or coronary artery bypass graft surgery. There was no evidence of residual ischaemia in any subject, either symptomatically or as indicated by ST segment shift on exercise testing. Any significant valvular pathology had been treated by valve replacement surgery.
Subjects rested quietly on an exercise bicycle for 15 min, after which a high-speed (50 mm\s) and highgain (20 mm\mV) 12-lead ECG was performed, and QRS\T vectors were measured using a CASE 12 Marquette ECG recorder (Marquette2 Instruments, Milwaukee, WI, U.S.A.). Blood was then taken for catecholamine estimation (see below), and baroreflex sensitivity was measured using the phenylephrine method, with blood pressure being measured continuously using a finger Finapres2 device [17, 18] . Symptomlimited exercise was then started using an incremental protocol, with the workload increased every 4 min by 25 W. ECGs were taken at the end of each workload. Peak oxygen uptake was measured using standard gas exchange equipment [19] . Immediately after the exercise test, 24 h Holter monitors were fitted ; these were later analysed for 24 h ventricular ectopic count (Oxford Medical Ltd, Abingdon, Oxon., U.K.).
Catecholamine levels were estimated as follows. A cannula was inserted in the non-dominant hand when the subject arrived in the laboratory. Subjects then rested quietly on the bicycle for 15 min. The hand with the cannula in was then gently warmed in water, and venous blood was collected into chilled lithium heparin tubes, centrifuged at 4 mC (500-600 g), and the plasma frozen on solid CO # and stored at k20 mC for up to 3 months. Sodium metabisulphite at a final concentration of 1 mmol\l was used as the antioxidant. Plasma noradrenaline and adrenaline levels were measured by HPLC. The between-and within-day coefficients of variation for noradrenaline were 4 % and 3 % respect- Abbreviations: LVIDd and LVIDs, left ventricular internal dimension at diastole and end systole respectively. Significant difference from control group: *P 0.05; significant difference from hypertrophy group: †P 0.05. Cardiomyopathy is dilated cardiomyopathy for the heart failure group and idiopathic hypertrophy for the hypertrophy group.
Control (nl16)
Hypertrophy (nl16) Heart failure (n l 34) ively, and those for adrenaline were 6 % and 4 % respectively [17] . Resting QT intervals were measured from each of the 12 leads of the ECG using an SAC (Science Accessories Corporation Graf Pen GP7) digitizing tablet connected to a Deskpro 286e Compaq PC, with 3 beats\lead measured and each beat measured five times in random order. Resting QT intervals were corrected for the effects of heart rate using both Bazett's correction (QTc l QT\NRkR interval) and also Fridericia's correction [QTc l QT\cube root (R-R interval)] [20, 21] . Exercise QT intervals were determined from standard lead II using a magnifying graticule, with the end of the T wave being defined as the point where the extrapolation of the steepest up or down slope of the T wave crossed the isoelectric line. The QT interval from each QRST complex was measured five times, and at least eight separate QT intervals were obtained at each heart rate, i.e. at least 40 measurements were made at each heart rate. The QT\heart rate slope was obtained by plotting all the QT intervals obtained during the exercise test against their corresponding heart rate, and then using a leastsquares linear curve-fitting program to obtain the slope [22] .
Data are presented as meanspS.E.M. Statistical analysis was performed using the Statview and Graphics package (Abacus Concepts Inc., Berkeley, CA, U.S.A.) for Macintosh computers. One-way analysis of variance (ANOVA) was used to explore differences in basic data between the different groups studied. The influence of the category of the subject (control, hypertrophy or heart failure) and the position of the ECG lead on the duration of the QT interval was tested using two-way ANOVA. The effects of continuous variables on the duration of the QT interval were determined using linear regression analysis, with a P value of 0.05 taken to indicate a significant effect.
RESULTS

Basic data
Heart failure subjects had larger hearts, had depressed fractional shortening and were receiving more diuretics than control subjects (Table 1) . Wall thickness was increased in subjects with left ventricular hypertrophy, as was left ventricular mass. Heart failure patients exercised Table 2 QT interval and heart rate data Mean QT data were obtained from averaging the 12 QT intervals from the 12-lead ECG. QT/heart rate slope is measured in units of ms:(beats/min) − 1 . Significant difference from control group: *P 0.05; significant difference from hypertrophy group: †P 0.05.
Control
Hypertrophy Heart failure Heart rate at rest (beats/ Abbreviations : LVH, left ventricular hypertrophy ; CHF, chronic heart failure. The QTc interval (heart rate corrected using the Bazett correction) is prolonged across the 12-lead ECG in heart failure (two-way ANOVA ; category of subject, P l 0.0001 ; lead position, P l 0.0003).
for a significantly shorter time period and had a significantly lower peak oxygen uptake than controls.
QT interval at rest
Resting QT intervals both in subjects with left ventricular hypertrophy and in subjects with chronic heart failure were not significantly altered when compared with those in control subjects (Table 2) . However, as the resting heart rate is higher in heart failure, both Bazett's and Fridericia's corrections resulted in significant increases in QTc interval throughout the 12 leads of the ECG in heart failure (two-way ANOVA : category of subject, P l 0.0001 ; lead position, P l 0.0003) (Figure 1 ). QT interval did not relate to QRS duration, either for the group as a whole (r l 0.026 ; P l 0.86) or for the heart failure group alone (r l 0.05 ; P l 0.86). Using a QTc of 440 ms as the cut-off point, the prevalence of QT interval prolongation was 4\16 (25 %) in the control population, 4\16 (25 %) in the hypertrophy Heart rate is given in beats/min (b.p.m.). The QT/heart rate slope is significantly steeper in heart failure patients (top line) compared with both controls (bottom line) and hypertrophy subjects (middle line) (P 0.0001).
group and 20\34 (59 %) in the heart failure group (P 0.02 for heart failure compared with either hypertrophy or control for prevalence of QT interval prolongation). In those subjects who had a QT interval greater than 440 ms, the mean QT interval was 451p4 ms in the control group, 449p3 ms in the hypertrophy group and 501p13 ms in the heart failure group (P 0.05 by ANOVA for heart failure compared with either hypertrophy or control). Thus while minor degrees of QT interval prolongation were commonly seen in both the hypertrophy and the control groups, with a prevalence of about 25 %, profound QT interval prolongation was only commonly seen in the heart failure group.
QT interval on exercise
The behaviour of the QT interval during exercise was studied. At peak exercise, all groups had the same peak heart rate and a similar QT interval ( Table 2) . The relationship between heart rate and QT interval was assumed to be linear, and the slope was calculated on this QT interval in heart failure Figure 3 Individual QT/heart rate slopes Abbreviations : LVH, left ventricular hypertrophy ; CHF, chronic heart failure ; bpm, beats/min. The spread of the QT/heart rate slope is shown for the different study groups. There is considerable overlap between the heart failure group and the other two groups, although there is a significant difference in their mean values. Significant difference from control or hypertrophy group : P 0.0001. basis. The correlation coefficient for the linear slope between QT interval and heart rate (r#) was 0.93p0.02 in the control group, 0.95p0.01 in the hypertrophy group and 0.92p0.01 in the heart failure group, suggesting that, for the range of heart rates studied here, it was appropriate to fit the data to a linear slope. The QT\heart rate slope was significantly higher in heart failure patients than in either controls or hypertrophy subjects (Table 2 ; Figures  2 and 3) . Using the mean of the control population j2S.D. as the upper limit of normal, 20\34 (59 %) heart failure patients possessed QT\heart rate slopes greater than the normal reference range. The factors associated with steep QT\heart rate slopes in heart failure were studied ( Table 4 ). The only factor that differed significantly between the steep and shallow QT\heart rate slopes in heart failure was the resting QTc interval. Subjects with the longest resting QT interval had the Heart rate is given in beats/min (b.p.m.). There is a close relationship demonstrated between the resting QTc interval and the QT/heart rate slope (r l 0.72 ; P 0.0001).
Figure 5 Relationship between fractional shortening and resting QTc interval
The weak but significant relationship between mechanical function, as measured by fractional shortening, and resting QTc interval, measured from lead II, is shown (r l 0.33 ; P 0.02 by linear regression analysis).
steepest QT\heart rate slopes (Figure 4 ) and the lowest values for fractional shortening ( Figure 5 ).
Relationship between QT interval abnormalities and prognostic markers
Prognostic markers were related to QTc interval findings in heart failure only, as there were no significant QTc interval changes in left ventricular hypertrophy. Heart failure subjects had more ventricular premature contractions (VPCs) per 24 h than did control or hypertrophy subjects (Table 1) . In those subjects with heart failure, the VPC count did not differ between those with or without prolonged QTc intervals (Table 3 ). There was a non-significant trend for those heart failure subjects with steeper QT\heart rate slopes to have more VPCs\ 24 h than heart failure subjects with normal QT\heart Table 4 High and low QT/heart rate slope data for the heart failure population
Significant difference compared with shallow-slope data: **P 0.01. rate slopes (Table 4) . Autonomic function in heart failure did not relate either to QTc interval or to QT\heart rate slope (Tables 3 and 4) . Exercise capacity was diminished in those patients with long QTc intervals.
DISCUSSION
This study has confirmed previous findings of prolongation of the QTc interval at rest in heart failure subjects, but found no change in the QT interval at rest or during exercise in human left ventricular hypertrophy. The novel result of the present study was the finding of an increased QT\heart rate slope in heart failure.
Prolongation of QT interval
Prolongation of the resting QT interval in heart failure has been noted before [1] . However, what has not been so well documented is just how prevalent resting QT interval prolongation is in heart failure. The present study, although small, found that about 60 % of heart failure subjects had QT interval prolongation ; in addition, where QT interval prolongation occurred, this was much more marked than in either the control or the hypertrophy populations. This finding implies that heart failure ' par excellence ' should be the model of acquired QT interval prolongation. The mechanism of the marked prolongation of the resting QT interval in heart failure was not investigated here but, in that there was a modest relationship between the resting QT interval and fractional shortening, this suggests that a factor either intrinsic to, or very closely related to, mechanical performance was responsible [1] . Why the QT interval was not prolonged in subjects with hypertrophy, despite the almost universal finding of prolonged APD in animal models of hypertrophy, is not clear. One mechanism that might explain this discrepancy is that hypertrophy may alter the sequence of repolarization in such a way that the surface manifestations of prolonged repolarization are ' cancelled out ' by other equal and opposite currents. There are some data supportive of this view [23] . An alternative explanation is that APD prolongation in hypertrophied myocytes only occurs at low driving frequencies (below 1 Hz), below the resting heart rates seen in clinical practice [10] .
Previous studies have produced conflicting results as to whether QT interval prolongation further worsens prognosis in those patients with impaired left ventricular function [24, 25] . To investigate this further, the present study correlated the resting QT interval with indirect predictors of poor outcome, including excess 24 h ventricular ectopy, autonomic dysfunction, fractional shortening, poor exercise capacity and NYHA class. Although these markers all relate to prognosis, none is a particularly powerful risk factor. However, it was hoped that if, in heart failure, QT interval changes relate to prognosis, then a consistent relationship would be found between QT interval abnormalities and these markers. However, no convincing relationship between abnormal QT measures and these indirect prognostic markers was found in heart failure. The prognostic importance of QT interval prolongation in left ventricular dysfunction is therefore still unclear [25] .
QT/heart rate slope changes
The finding of long QT intervals at low, but not at high, heart rates in heart failure reflects the finding from Holter recordings of sudden cardiac death, where lethal ventricular arrhythmias are seen to arise from relatively low (often 100 beats\min) heart rates, which suggests that long QT intervals, which also occur at low heart rates, may be implicated in sudden cardiac death in heart failure [26, 27] . Several factors, including the relationships between heart rate and both autonomic tone and myocardial ischaemia, interact to determine the heart rate at which ventricular arrhythmias occur. Given the relationship between the data reported here and the epidemiology of sudden cardiac death, we suggest that the rate-dependence of the QT interval should be a further factor entered into the equation determining the dependence on heart rate of sudden cardiac death.
The mechanisms responsible for the increased QT\ heart rate slope in heart failure were not investigated. However, speculatively, this may arise either through alterations in the mechanisms intrinsic to the myocyte that determine the dependence of APD on stimulation rate or through the changes in neurohormones that are found in heart failure at rest and during exercise [28] . Experimental studies on myocytes isolated from animals with left ventricular hypertrophy (some of whom are in heart failure) have shown prolongation of APD at low stimulation rates with greater shortening at higher stimulation rates, similar to the findings we report here. These results suggest that at least some of the increase in the QT\heart rate dependence found in human heart failure may be due to processes intrinsic to the myocyte [10] . However, some conditions that mimic the autonomic changes found in heart failure, such as low vagal tone (day versus night), diabetic autonomic neuropathy or chronic non-selective β-blockade, are also associated with increases in the QT\heart rate slope [4, 22, 29, 30] . This suggests that changes in the QT\heart rate slope may also be related to changes in neuro-endocrine function found in heart failure. Thus the available data suggest that changes in the QT\heart rate slope may relate both to changes in processes intrinsic to the myocyte and to changes in the function of the autonomic nervous system. The exact mechanism responsible for these changes in human heart failure awaits further study. The prognostic significance of a high QT\heart rate slope in heart failure is unknown, and also merits further study.
Conclusion
The present study demonstrates that prolongation of the QTc interval is common in heart failure, where it can be profound, whereas in left ventricular hypertrophy QTc interval prolongation is unusual, and when it occurs it is mild. Thus heart failure should be the model ' par excellence ' of acquired QT interval prolongation. The QT interval shortened more quickly on exercise in heart failure than in left ventricular hypertrophy or in a control population, and this resulted in normalization of the QT interval in heart failure at peak exercise. The finding that QT interval prolongation in heart failure occurs only at low heart rates mimics the finding that many sudden cardiac deaths occur at lower rather than higher heart rates, and suggests that QT interval prolongation may be an important pathophysiological mechanism in arrhythmias leading to sudden cardiac death in those subjects with impaired left ventricular function.
